defines its presumptive "adequate treatment" criteria as total capture of the l-y, I-h storm event and 30-min detention (for settling, skimming, and disinfection) of the lO-y, I-h storm event.
Historical Background
The Twelve Towns Drainage District is a combined sewer system designed to serve an or parts of fourteen communities and encompa..,>ses a drainage area of approximately 24,500 acres (99.15 km2). The District is located .in southern Oakland County (see Figure 15 .1), just north of Detroit, ~iichigan.
l<lgllI"e 15.1 Twelve Towns relief drains --location map.
The communities served by this combined sewer system developed beginning in the late 1920s and continued through the eady 1970s. The land use is primarily medium to high density, single family residential with commercial and light industrial areas. The drainage district is considered fully developed.
The design of the sewer system was typical for that time period, with one combined sewer to transport both the storm and sanitary needs of the growing metropolitan area. A wastewater treatment plant was replaced in the 19408 with a connection to the expanding service net\vork of the Detroit Water and Sewerage Department (DWSD). The original combined sewers were deemed inadequate and were relieved by a major improvement project in the late 1950s and early 1960s. This project was called the Twelve TOVillS Relief Drains.
Until 1965, combined sewage continued to overflow unabated during rain events to the Red Run Drain (Biehl and Waring, 1972) , a tributary of the Clinton River in the Lake St. Clair Watershed. A 293-ft (90 m) long inlet weir was constructed at the time (see Figure 15 .2) that provided in-system storage of 121,000 m 3 (32 MG). When the storage capacity of the retention structure is full, the excess flow discharges to the Red Run Drain at Dequindre Road by way of a 950-ft (290 m) long outlet weir and baffle structure.
Dry weather sewage flow from the Twelve Towns Drainage District discharges to DWSD (see Figure 15 .4) via the Southeastern Oakland County Sewage Disposal System's Dequindre Road Interceptor sewer. This sewer serves as an outlet for both the combined sewers in the Twelve Towns Drainage District as well as a large separate sewer area in the City of Troy, immediately north of the Twelve Towns District. The discharge is regulated at a contractual maximum rate of 7.28 m 3 Js (260 cfs).
The RTF is connected to a pump station for dewateriilg the RTF during and after a storm event. After the RTF is drained, retained solids are removed from the basin using a flushing system in conjunction with a motorized cleanout vehicle. All dewatered flow and flushed solids are pumped to the Dequindre Road Interceptor for transportation to the DWSD Waste Water Treatment Plant.
Existing Facility Performance
Most storm events are retained by the system. In an average year, approximately ten treated CSO overflows are discharged to the Red Run Drain, while storm events are completely retained and dewatered to DWSD WWTP. Most of these are relatively minor in nature. A summary of the overflows to the Red Run Drain for the period of January 1994 through March 1998 is shown in Table lS.I. Figure 15 .5 illustrates the overflows to the Red Run Drain, with the overflow volume sorted by year and magnitude. The system retains 80 to 90% of the total yearly runoff from the area without overflow. Frequent closings at Lake St. Clair beaches in the summer of 1994 led to close scrutiny of the Twelve Towns RTF and other dischargers in the watershed. In 1996, MDEQ re-issued the NPDES permit for the Twelve Towns RTF with new, more stringent requirements. The permit was contested by several parties. Subsequent negotiations led to a settlement permit, issued in October 1998, which requires implementation of RTF improvements. These improvements are believed to provide a cost-effective, socially aa:eptabl~ and environmentally sound program to reduce the number and volume of combined sewer overflows and to meet the MDEQ's presumptive criteria for adequate CSO control.
Model Development and VerifICation
Development of the hydrologic aspects of the XP-SWMM model were performed using previous studies of the area, existing topographic and land use information. Subcatchments were determined based upon drainage characteristics and topographical features, as well as hydraulic characteristics of the existing drainage systems. The objective was to delineate the overall watershed into distinct 300-acre subcatchments. However, due to specific characteristics of the developed and natural drainage areas, development of smaller or larger subcatchments was sometimes necessary. The modeling effort maintained the overall configuration and integrity of the drainage areas, as developed within the Twelve Towns Relief Drains.
XP-SWMM allowed incorporation of all the complex characteristics of the Twelve Towns Relief Drains. To consolidate the drainage network of Twelve Towns into the model, only pipes within the fourteen communities that are 36-in (900 mm) in diameter and larger were included. The drainage network is composed of three distinct branches that combine at the existing inlet weir structure of the RTF. The North Branch was previously modeled (Baroudi et aI., 1998) and was therefore included in the model directly from the previous study.
Varying levels of complexity in modeling techniques were required for the components that comprise the RTF to produce satisfactory results. The Twelve Towns drainage system includes several regulated connections between the combined system and the sanitary interceptors. The connections are included in . the model to maintain the hydraulic grade line throughout the system as it exists under current conditions.
The existing inlet structure for the RTF receives flow from the north, middle and south sections of the Twelve Towns Drainage System. The combined sewage flow is normally discharged to a 60-in (1500 mm) diameter sanitary sewer. During wet weather periods, discharge to the sanitary sewer continues and excess flow is stored in the system until the hydraulic gradient rises to the RTF inlet weir elevation. The existing inlet weir is a complex "V" -shaped baffled weir structure, which was modeled as a transverse weir providing a low continuity error.
The inlet weir structure also includes two motorized 18-ft (5.5 m) wide roller sluice gates,referred to as "Broome gates." The Broome gates function as hydraulic relief to allow more flow to enter the RTF. Currently, the Broome gates open whenever the level over the inlet weir exceeds two feet. The Broome gates were modeled using a diversion regulator link to imitate the opening of the Broome gates based on hydraulic grade line.
A series of pipes at the termination of the Twelve Towns Drainage System simulate the RTF within the model. The pipes within the RTF are modeled using a user-defined conduit that enables the cross section of the pipe to include the complex ledges and channels that make up the RTF. An existing dewatering pump station near the RTF outlet pumps to the Dequindre interceptor with the excess treated CSO overflowing the outlet weir into the Red Run Drain.
The dewatering pump station consists of five pumps, which are operated manually. TheXP-SWMM model is not capable of simulations in which the pump station can be manually turned on and off. The approach to modeling the pump station was to provide five pumps that turn on or off based on the water surface elevation within the RTF. An artificial pump was added to recycle the flow from the interceptor back to the RTF. This artificial pump operates based on the level in the interceptor and limits the flow to the Detroit sewer system to its rated contract capacity of 260 cfs.
When the storage capacity of the RTF is reached, the excess flow discharges via a 950-ft (290 m) long outlet weir to the Red Run Drain. To maintain a reasonable continuity error at the outlet weir, the weir was modeled using a stage-discharge curve. When modeled as a weir, the continuity error was well over 10% instead of under 1% in the case of the stage-discharge curve.
The continuity error exemplifies the ability of the model to remain balanced. This balance is dependent upon the amount of flow entering the system from the RUNOFF block equaling the summation of the amount remaining within the system and the amount exiting the system through the outfalls. The XP-SWMM program rates the continuity error according to the following scale:
Less than 1 % is excellent, 1 to 2% is great, 2 to 5% is good, 5 to 10% is fair, 10 to 25% is poor, 25 to 50% is bad, more than 50% is terrible.
Due to sanitary flows, the Twelve Towns Drainage System is never completely dry. However, when beginning the computer simulation, the model system is dry. To replicate the dry weather flow within the Twelve Towns system, a constant flow added throughout selected nodes of the model begins 10-h before the rainfall event. This period permits the entire system to fill to its normal dry weather level before the rainfall event and to have a continuous contribution throughout the event. A downstream node in the model exhibits the effects of the dry weather flow and calibration of the model included comparison of these results.
Verification of the existing model is an important task to ensure confidence in the model for the proposed condition. The outlets from the Twelve Towns Drainage System (see Figure 15 .2) include a IS-ft (4.6 m) horseshoe from the north section; a 14.25-ft by 14-ft (4.34 m x 4.26 m) box from the middle; and a 14.25-ft by 13.2-ft (4.34 m x 4.02 m) triple box from the south section. It was cost-prohibitive to install flow meters. Thus, calibration of the Twelve Towns model principally required comparison between the model results of the level at the inlet and outlet weir of the RTF with the measured values for historical events.
The XP-SWMM model for the North Branch was previously developed and verified. Verification for the North Branch included flow metering for 10% of the district modeled and comparing modeled hydraulic grade lines with known water elevation such as reported basement flooding elevations and measured high water marks (Baroudi et aI., 1998) . The XP-SWMM computer model developed for the previous study incorporates the North Branch only.
The Oakland County Drain Commissioner's office collects and reports overflow data at the inlet and outlet weir for every rainfall event in which there is an overflow from the Twelve Towns RTF. The collected overflow data defines the period of the storm event for calibration. Because of improvements in the procedure for collecting the overflow data in July 1995, the calibration process does not include storm events before this date.
There are six rain gages in the vicinity of the Twelve Towns watershed. Each of the six rain gages was assigned to a subcatchment based on a Thiessen polygon approximation. The collection of rainfall and overflow data resulted in fifteen acceptable storm events (Hubbell, Roth & Clark, Inc., 1998) . The fifteen events were selected because they had the best representative rainfall data for aU the gages and exhibited reliable flow data at the inlet and outlet weirs. Other events that were severe enough to cause the opening of the Broome gates were used for verification when the Broome gates were added to the model.
Figures 15.6 and 15.7 illustrate the progression of the calibration process for the May 3,1997 rain event at three distinct phases with comparisons of water surface elevation over the inlet weir and outlet weir. Each exhibit refers to three model calibration periods. Calibration #1 represents the model after it was completed up to the existing inlet weir. Calibration #2 represents the model after the entire system was in place up to the connection between the interceptor and the Detroit system. Calibration #3 represents the model completed up to the Detroit system after several changes to the runoff parameters were made. 
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:- The foUO\.ving criteria defined the effectiveness of the model to simulate actual results during the fifteen selected events:
• peak flows at the inlet weir, ,.
total volume of flow over the inlet weir, • total volume of flow over the outlet weir, ,.
head over the inlet and outlet weirs, • shape of the hydro graphs at inlet and outlet weirs, and • hydraulic grade line at the outfall to the Detroit system.
Modet -Calibmtion# 2 Figure 15 .7 Model calibration -water surface elevation over outlet weir. Sensitivity analysis revealed that the most influential parameters to the Twelve Towns model were depression storage and overland slope. Decreasing the depression storage increased the total volume and improved the reaction time in the model. Adjustment of other parameters had a tendency to influence the calibration in an erroneous direction. Adjustments to the hydraulic tolerances and improvements to the model components based on field observations reduced the continuity error. The model continuity error varies slightly from storm event to storm event with an average continuity error of approximately 1 %. 
Proposed System Performance
The recommended improvements include construction of a new inlet weir structure downstream from the existing inlet structure, additional storage, construction of new dewatering pumping station, and removal of 42 storm sewers directly connected to the RTF sidewalls. The improvements program recommended this disconnection of these separate storm sewers to provide additional capacity for the combined sewer areas and to decrease the number of overflows to the Red Run Drain (Hubbell, Roth & Clark, Inc., 1998) .
XP-SWMM was employed to select the storage volume and improvements that would meet the MDEQ's presumption approach for "adequate treatment." MDEQ defines its presumptive "adequate treatment" criteria as total capture of the l-y, 1-11 storm event, and 30 min detention (for settling, skimming, and disinfection) of the lO-y, 1-h storm event.
According to U.S. Department of Commerce Technical Paper No. 40 (TPAO, 1961) , Oakland County's rainfall for a l-y, 1-h storm event is I-in (25mm). The 10·--y, 1-h storm is approximately 1.8 in (46 mm). TP-40 further states that for drainage areas greater than a few square miles, consideration must be given to the average depth over the entire watershed. Using the area-depth curve from TP-40, a reduction factor is applied to the total rainfall (see Figure15.1O ). Based upon the 38 mi 2 (98 km 2 ) drainage area and 1-h design storm, the total rainfall is multiplied by 85%.
AREA (SQUARE MILES)
li'igure 15.10 Area---depth curve (obtained from The model predicts no overflow to the Red Run Drain will occur under that I-y, I-h rain event, thus the first part of MDEQ's adequate treatment criteria is met. Table 15 .2 shows detailed calculations of the detention times expected for the 10-y, I-h storm event. At peak flows anticipated for the lO-y, I-h storm event the detention time is approximately 31 min. As a result, the second requirement for adequate treatment is met. Volum-e-""--=D'"""e-te-n-t7"io-n--(MGD) (MG) Time ( 
Conclusion
The model reduces the cost of the proposed improvements by providing a mechanism that demonstrates the ability of the RTF to perform with an increase in storage volume less than other mathematical approaches projected. The mathematical approach resulted in proposing 53 MG of additional storage that reduced the number of overflows by 50% (see Table 15 .3). XP-SWMM demonstrated that by increasing the storage volume within the RTF by 30 MG, the system would meet the criteria established for MDEQ's definition of "adequate treatment" and reduce the number of overflow events by 30%. Detailed components of the drainage system were included in a dynamic analysis, which, once calibrated and verified, provided a high level of confidence compared to other mathematical approaches. The analysis of the Twelve Towns Drainage District proposed RTF alternatives confirms that Oakland County will discharge treated CSO to the Red Run Drain in compliance with the requirements of the NPDES permit.
